Tumor cells rely mainly on glycolysis for energy production even in the presence of sufficient oxygen, a phenomenon termed the Warburg effect, which is the most outstanding characteristic of energy metabolism in cancer cells. This metabolic adaptation is believed to be critical for tumor cell growth and proliferation, and a number of onco-proteins and tumor suppressors, including the PI3K/Akt/mTOR signaling pathway, Myc, hypoxia-inducible factor and p53, are involved in the regulation of this metabolic adaptation. Moreover, glycolytic cancer cells are often invasive and impervious to therapeutic intervention. Thus, altered energy metabolism is now appreciated as a hallmark of cancer and a promising target for cancer treatment. A better understanding of the biology and the regulatory mechanisms of aerobic glycolysis has the potential to facilitate the development of glycolysis-based therapeutic interventions for cancer. In addition, glycolysis inhibition combined with DNA damaging drugs or chemotherapeutic agents may be effective anticancer strategies through weakening cell damage repair capacity and enhancing drug cytotoxicity.
The Warburg effect-a hallmark of cancer
By definition, cancer involves the inappropriate proliferation of cells, and cancer cells have the ability to cope with metabolic stress by enhancing alternative energy production mechanisms. Energy metabolism in most cancer cells differs remarkably from that of normal cells, and the Warburg effect represents one of the hallmarks of cancer [1, 2] . Under aerobic conditions, normal cells rely on mitochondrial oxidative phosphorylation, a process that converts glucose to pyruvate in the cytosol, and thereafter to carbon dioxide in the mitochondria, producing the energy-storing molecule ATP. Under anaerobic conditions, glycolysis is favored, and pyruvate is converted to lactate in the cytosol. Most malignant cells mainly depend on glycolysis, the anaerobic metabolism of glucose producing ATP, even in the presence of sufficient oxygen, which leads to a state that has been termed "aerobic glycolysis" [3] . There are 36 molecules of ATP generated upon complete oxidation of one glucose molecule by oxidative phosphorylation, whereas the metabolism of glucose to lactate generates only 2 ATPs per molecule of glucose. This increased dependence on glycolysis for ATP production, instead of oxidative phosphorylation, in malignant cells was first reported by Dr Warburg, and is therefore known as the Warburg effect [4] . The metabolic shift to a higher rate of glycolysis can even be observed in patients with malignant tumors using positron emission tomography (PET) [5] . Beyond the current concept that the Warburg effect plays a central role in tumor metabolism, studies have shown that there may be dual metabolic (the Warburg effect and the nonglycolytic phenotype) natures in a given cell type, providing them with survival and growth advantages when adapting to a stressful microenvironment [6] . Cancer cells exhibit a glycolytic phenotype under regular conditions but can switch to a non-glycolytic phenotype under lactic acidosis. When tumor cells are cultured under conditions with sufficient glucose, they are initially glycolytic, and the resulting lactate generation leads to lactate accumulation and medium acidification, namely lactic acidosis. Lactic acidosis is an inevitable consequence of the Warburg effect and is common in most solid Anticancer strategies based on the metabolic profile of tumor cells: therapeutic targeting of the Warburg effect tumors [7] [8] [9] [10] . Lactic acidosis acidifies the cytosol and creates a low pH condition, thereby decreasing glycolytic flux and suppressing the activities of glycolytic enzymes, eventually impairing glycolysis. With a limited supply of glucose, tumor cells die quickly, but with lactate acidosis, they convert glucose at a slower rate and maintain cell proliferation by transitioning from the Warburg effect to a non-glycolytic phenotype [11] . Recently, a new type of cancer metabolism, named the "Reverse Warburg effect" or "metabolic coupling," has been identified, and this effect can explain the contradictory phenomena in certain types of cancer cells with high mitochondrial respiration and low glycolysis rates. This concept implies a host-parasite relationship between cancer cells and glycolytic fibroblasts. In this model of two-compartment tumor metabolism, aerobic glycolysis occurs in stromal fibroblasts, and the produced recycled nutrients are transferred to adjacent tumor cells for supporting the fuel in the tricarboxylic acid cycle (TCA), thus producing abundant ATP and protecting them against apoptosis [12] [13] [14] . Therefore, this two-compartment tumor metabolism may contribute to chemoresistance or therapy failure in patients with cancer, making the disease difficult to cure using a single agent.
The process of glycolysis
Glycolysis is a process that takes place in the cytoplasm by converting glucose into pyruvate, lactate and hydrogen ions through nine enzymatic reaction steps, and there are several glycolytic enzymes that are involved in different steps of glycolysis and play important roles in the phenomenon of the Warburg effect [15] . In the first step, to keep the high rate of glucose consumption for aerobic glycolysis in tumor cells, the transport of glucose is a key factor. It has been found that the glucose transporters Glut-1 and sodium-glucose linked transporter 1 (SGLT1) are overexpressed in many cancer cells [16] . Intracellular glucose is phosphorylated into glucose-6-phosphate by hexokinase (HK) in the first step, and then this product is converted into fructose-6-phosphate by glucose-6-phosphate isomerase. In the third step, fructose-6-phosphate is phosphorylated into unstable fructose-1,6-biphosphate and relatively stable fructose-2,6-biphosphate, respectively, by phosphofructokinase-1 (PFK-1) and phosphofructokinase-2 (PFK-2), consuming one ATP molecule. The next step is the formation of glyceraldehyde-3-phosphate, which is converted into glycerate-1,3-diphosphate and then converted into 3-phosphoglycerate by phosphoglycerate kinase (PGK) with the generation of two ATP molecules. Next, 3-phosphoglycerate is isomerized into 2-phosphoglycerate by phosphoglyceratemutase (PGM), followed by phosphoenolpyruvate (PEP) formation. The last and rate-limiting step of glycolysis is catalyzed by pyruvate kinase (PK), converting PEP into pyruvate, and producing one ATP molecule at the same time. The ATP/AMP ratio and intracellular pH have an important effect on PK activity [17] . There are four isoforms of pyruvate kinase: PKL, PKR, PKM1 and PKM2 [18] , among which the expression of PKM2 is upregulated in human tumor cells and cancerassociated fibroblasts [19, 20] . PKM2 is present in two forms, including a dimer and tetramer, and its tetrameric form has higher glycolytic enzymatic activity than the dimeric form [21] . In addition, PKM2 can be translocated into the nucleus where it is involved in the regulation of gene transcription or functions as a protein kinase [22] . Contrary to PKM2, PKM1 seems to have a smaller effect on cell proliferation [23] . When tissues turn cancerous, only PKM2 is active [24] , and there is a decreased ratio of PKM1/PKM2 during malignant progression. The PKM1/PKM2 ratio is related to the cell cycle and tumor population density, thus switching PKM2 to PKM1. Changing this ratio may have some implications for cancer treatment. It has been observed that replacing PKM2 with PKM1 in human lung cancer cells can lead to inhibition of glycolysis and tumor xenograft formation in nude mice [25] . In the absence of oxygen, pyruvate is converted into lactate by lactate dehydrogenase in general.
Molecular mechanisms of the Warburg effect
A number of onco-proteins and tumor suppressors, including the PI3K/Akt/mTOR signaling pathway, Myc, hypoxiainducible factor and p53, have been reported to be involved in the regulation of this metabolic adaptation that favors tumor growth, cellular proliferation, angiogenesis and stress resistance ( Figure 1 ).
PI3K/Akt/mTOR signaling pathway
The PI3K/Akt signaling pathway is involved in many cellular processes, such as inflammation, motility, autophagy and cancer progression. It has been observed that Akt causes a dose-dependent stimulation of glucose consumption and lactate production in human glioblastoma cells and malignant hematopoietic cells, and Akt-expressing cancer cells show an upregulated rate of glycolysis with no increase in total oxygen consumption, implying that the activation of Akt promotes cancer cell growth and survival by stimulating aerobic glycolysis [26] . The activation of the Akt oncogene in cancer cells mobilizes glucose transporters to increase transportation of glucose. In addition, Akt can activate hexokinase 2 to enhance the glycolytic rate [27] . The mTOR kinase exists in two structurally and functionally distinct multi-protein complexes, mTORC1 and mTORC2, and both complexes are critical regulators of cell metabolism, growth and proliferation. mTORC1 is a vital downstream effecter of PI3K/Akt that activates mTORC1 by inhibitory phosphorylation of the TSC1/2 complex, linking upstream signaling through Akt to protein translation, lipogenesis, cell proliferation, glycolysis and autophagy [28] [29] [30] . There are two main substrates of mTORC1: p70 ribosomal protein S6K kinase (S6K) and eIF4E binding protein (4EBP1). mTORC1 binds to eukaryotic initiation factor 3 (eIF3) and phosphorylates S6K under the condition of stimulation of growth signals, thus resulting in reinforced mRNA translation [31] . Active mTORC1 inhibits its downstream effecter 4EBP1 that restrains the protein translation initiation process by binding and inactivating eukaryotic translation initiation factor 4E (eIF4E), leading to the induction of GLUT1 and hexokinase 2, thereby increasing glucose uptake and glycolysis [32] . It is generally believed that mTORC2 maximizes its activity primarily through phosphorylating Akt on serine 473, and controls the folding and stability of Akt protein, thus playing an important role in the Warburg effect [33, 34] . mTORC2 directly phosphorylates Akt on Ser473, thereby boosting the expression of the glucose transporter and activating HK2 as well as PFK-1, subsequently promoting glucose uptake and glycolysis [35, 36] . A recent study has identified an Akt-independent signaling cascade by which mTORC2 upregulates the intracellular level of c-Myc, a key effecter of the Warburg effect, thus accelerating glycolysis in glioblastoma (GBM) [37] .
c-Myc c-Myc encoded by the Myc oncogene, a transcription factor controlling the process of cellular growth and metabolism, is overexpressed in the majority of human cancers, including colon, breast, bladder and prostate cancers [38] . The studies on transgenic animals have demonstrated that mice with overexpression of c-Myc in the liver had increased glycolytic enzyme activity and overproduction of lactic acid [39] , suggesting that c-Myc may play an important role in glycolysis. In addition, it has been found that activation of the c-Myc oncogene can upregulate many glucose metabolism enzyme genes, such as GLUT1, HK2, phosphofructokinase (PFKM), enolase 1 (ENO1), lactate dehydrogenase A (LDHA), and pyruvate dehydrogenase kinase (PDK1), thus stimulating the Warburg effect [40] [41] [42] [43] . c-Myc is also linked to increased mitochondrial reactive oxygen species (ROS), which cause mitochondrial dysfunction and in turn help cancer cells to switch to glycolysis for their energy supply.
Hypoxia-inducible factor-1 (HIF-1) HIFs, consisting of oxygen-labile α and constitutively expressed β subunits, regulate diverse cellular processes such as erythropoiesis, angiogenesis, energy metabolism, ischemia, and inflammation via controlling the transcription of a variety of genes [44] . The stabilities of HIF-1α and HIF-2α are sensitive to the oxygen level and are regulated by HIF prolylhydroxylase (PHD), which facilitates the ubiquitin-mediated degradation of HIF in normoxic conditions. In normoxic human cells, HIF-1α is hydroxylated by PHD, and subsequently the prolylhydroxylated HIF-1α is degraded by 26S proteasome [45] . Under hypoxic conditions, the HIF-1α protein accumulates due to the decreased prolylhydroxylation of HIF-1α [46] . Cancer cells show a stronger ability to adapt to a hypoxic environment than normal cells. Under hypoxic conditions, the HIF-1α is activated and involved in the regulation of glucose uptake and glycolysis in cancer cells via activating transcription of genes that encode glucose transporters and glycolytic enzymes. Evidence shows that pyruvate dehydrogenase kinase (PDK1), EGF receptor (EGFR) and HIF-1α are overexpressed in human glioblastoma multiforme (GBM) cells under hypoxia. As a direct target gene for HIF-1α, the upregulation of PDK1 may promote EGFR activation [47] . Activation of NF-κB induced by EGFR promotes the expression of PKM2. Furthermore, PKM2 can be translocated into the nucleus as a result of the activation of EGFR in breast cancer cells, prostate cancer cells and glioblastoma cells, enhancing the expression of cyclin D1 as well as glycolytic enzyme and promoting cell proliferation and the Warburg effect [48] [49] [50] [51] . In addition, HIF-1-mediated activation of PDK1 can also inhibit the activity of PDH, thereby impairing mitochondrial function and suppressing conversion of pyruvate to acetyl-CoA [52] .
p53
The tumor suppressor p53 can negatively regulate cell growth by transcriptionally inducing mTOR inhibitors such as IGF-BP3, PTEN, TSC2, Sestrin1/2 and REDD1. p53 can reduce glycolysis by increasing the activity of fructose-2,6-bisphosphatase and inhibiting glucose transporters [53] . In addition, p53 is known to increase the process of oxidative phosphorylation via activating an element of the respiratory chain-like SCO2 gene [54] . AMP-activated protein kinase (AMPK), a chief sensor of cellular energy, is inactivated when the intracellular AMP/ ATP ratio decreases. As a key target of AMPK, p53 is often mutated in human cancers, and either reduction or loss of p53 may be associated with the Warburg effect [55, 56] .
Anti-cancer therapy based on the Warburg effect
Cancer cells show highly active aerobic glycolysis, and they really benefit from this metabolism. Therefore, it may be advisable to design anti-cancer drugs based on the characteristics and mechanisms of the aerobic glycolysis process and on the relationship between aerobic glycolysis and cancer progression.
As one of the hallmarks of cancer, aerobic glycolysis shows an increased rate of glucose consumption, and this high glucose uptake has been used in the clinic as a means of diagnosing and monitoring cancer treatment response by imaging uptake of 2-18 F-deoxyglucose with PET [12] . Because there are various critical enzymes involved in aerobic glycolysis, these enzymes may be exploited as targets for cancer therapies. Ritonavir, fasentin, genistein, STF-31 and WZB117 are anticancer drugs designed to target glucose transporter GLUT1 and exert anti-tumor effects by inhibiting glucose uptake in tumor cells, thus leading to cell death through glucose deprivation. As a key enzyme of aerobic glycolysis, HK is overexpressed in many malignant tumors. Several drugs have been exploited to inhibit HK such as 2-deoxy-Dglucose (2-DG), 3-BrPA and lonidamine [57, 58] . Lonidamine, a derivative of indole, has anti-tumor activity via inhibiting HK2. This agent has now entered pre-clinical and clinical trials for treatment of cancer. The results of clinical trials have shown that lonidamine combined with chemotherapy, such as doxorubicin, had better therapeutic efficacy for the treatment of breast, prostate, melanoma, brain and ovarian tumors [59, 60] . During the treatment process, there was drug-related liver toxicity. Therefore, there is some research work focusing on altering dosage forms or developing the targeted delivery systems of lonidamine to reduce its organ toxicity. 2-Deoxy-D-glucose is a glucose analogue that can enter the cell and form 2-DG-P through phosphorylation. However, 2-DG-P is an "end" substance, because it cannot participate in further metabolic reactions, thereby blocking the glycolysis process. Studies have found that 2-deoxy-D-glucose in combination with PI3K or mTOR inhibitor PF-04691502 can shift aerobic glycolysis towards oxidative respiration in primary effusion lymphoma (PEL) cells, and this combination can cause strong cytotoxicity towards PEL cells but low toxicity to normal lymphocytes [61] . 2-Deoxy-D-glucose has entered phase I clinical trials, and it is well tolerated and has less toxicity. Targeting PDK1 may be an attractive way to inhibit the growth and proliferation of GBM by shifting the Warburg phenotype to oxidative phosphorylation. As a unique PDK1 inhibitor, DCA lowered PDK1-EGFR activation, shifting the Warburg phenotype to oxidative phosphorylation (OXPHOS) in GBM [47] . Another glycolytic enzyme, PFK-2, contains 4 isoenzymes: PFKFB1, 2, 3 and 4. PFKFB3 is expressed in many types of cancers, and targeting this enzyme has received extensive attention recently. Currently, the main PFKFB3 inhibitors include 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) and 1-(4-pyridinyl)-3-(2-quinolinyl)-2-propen-1-one (PFK15). It was observed that 3PO could rapidly reduce glucose uptake, lactate secretion, and intracellular ATP in Jurkat T-cell leukemia cells [62] . PFK15, a synthesized derivative of 3PO, has antitumor activity through reducing 18 FDG uptake and F26BP content in xenografted tumors. In addition, this agent exhibits pro-apoptotic activity in transformed cells both in vitro and in tumors in vivo [63] .
As the final rate-limiting step enzyme in the glycolytic pathway, PKM2 plays a critical role in tumor cell metabolism and proliferation. Thus, developing novel anticancer drugs that target PKM2 may be of great importance. Thus far, several PKM2 inhibitors have been developed, including TT-232, VK3, VK5 and Compound 3. In contrast to Compound 3, which can also cause PKL inhibition [64] , VK3 and VK5 selectively inhibit PKM2 to reduce glycolysis in cancer cells. Recently, it has been found that oleanolic acid (OA), a natural compound distributed widely in plants, exerts its anticancer effect by inhibiting aerobic glycolysis through shifting PKM2 to PKM1 [65] . However, Israelsen et al recently reported that loss of PKM2 in a mouse model of breast cancer accelerates tumor formation, suggesting that pharmacological inhibition or therapeutic knockdown of PKM2 may not be effective standalone cancer therapies. The findings of this study highlighted the importance of understanding the context-dependent metabolic needs of cancer cells to effectively target metabolism for therapeutic benefit.
mTOR kinase inhibition was thought to be an effective anticancer approach. Rapamycin, an FDA-approved immunosuppression drug, and its analogues sirolimus, temsiroli-mus and everolimus are well-known allosteric inhibitors of mTORC1. These agents restrain mTORC1 activity but appear to have little effect on limiting mTORC2 activity. In preclinical studies, rapamycin and its analogues were reported to have antiproliferative activity in several types of cancers, and they are now being tested in the clinic for the treatment of lymphoma and neuroendocrine, endometrial and breast cancers. A recent study demonstrated that halofuginone (HF) had a potent anticancer activity and slowed glycolysis via suppressing Akt/mTORC1 signaling and glucose metabolism. In HF-treated human colorectal cancer cells, there was a reduction in mTORC1 and phosphorylation of Akt, causing a rapid decrease in HK2 and Glut1 [66] . We recently found a novel role for eEF-2K, a negative regulator of protein synthesis, in promoting glycolysis and in tumor development and progression and the underlying molecular mechanism. We have reported that eEF-2K is overexpressed in several types of cancer, including breast cancer and glioma, and plays a crucial role in regulating activity of autophagy and level of cellular ATP in tumor cells. As there is evidence suggesting that autophagic activity and ATP production are closely linked to the rate of glycolysis, we queried whether eEF-2K has a role in this altered metabolic processes in tumor cells. We showed that deficiency in eEF-2K significantly reduced the uptake of glucose and decreased the production of lactate and ATP in tumor cells and in the Ras-transformed mouse embryonic fibroblasts (MEFs). In addition, depletion of eEF-2K reduced the ability of the transformed cells to proliferate and enhanced the sensitivity of tumor cells to chemotherapy both in vitro and in vivo. Our study not only reveals a novel regulator of glycolysis in cancer but also provides, to our knowledge, the first connection between the regulation of protein synthesis and glycolysis. These results also underscore the implication and importance of eEF-2K in cancer and the potential of this kinase as a novel target for prevention and treatment of this disease [67] . In recent years, the concept of reversing the Warburg effect offers new perspectives to develop therapeutic strategies that focus on both of the targets, glycolysis and mitochondrial OXPHOS. Cancer cells can activate NFB and HIF-1α in adjacent stromal fibroblasts via oxidative stress promoted by ROS production, resulting in autophagy and mitophagy as well as glycolysis, which in turn can supply recycled nutrients to tumor cells for growth [6, 55] . Therefore, it may be of significance to regulate glycolysis by targeting autophagy in the stroma. There are several FDA-approved candidate drugs targeting two-compartment tumor metabolism, including N-acetyl-cysteine (NAC), metformin, hydroxy-chloroquine and rapamycin or rapalogues. NAC, as an antioxidant to prevent oxidative stress, can block autophagy in the tumor stroma, thus interrupting the fuel supplied to the cell mitochondria. As a well-known antidiabetic drug, metformin is a direct AMPK activator, and it can reduce mitochondrial complex I activity, suggesting metformin may prevent cancer by inhibiting mitochondrial OXPHOS (Table 1) .
In addition, it has been suggested that the reverse of the Warburg effect may be the basis of drug resistance. As stromal fibroblasts undergo aerobic glycolysis induced by cancer cells, they can protect adjacent tumor cells against apoptosis by providing nutrients to mitochondria in cancer cells to feed the TCA cycle. It was observed that MCF7 cells are sensitive to tamoxifen when cultured alone but become tamoxifenresistant when co-cultured with fibroblasts [68] . A drug combination has been developed to overcome such fibroblastinduced tamoxifen-resistance and shift cancer cells back to a glycolytic state. Dasatinib, a tyrosine kinase, in combination with tamoxifen, led to the death of MCF7 cells and reduced ROS production in both the stromal fibroblasts and MCF7 cancer cells [55] . This combination therapy (tamoxifen plus dasatinib) can overcome drug-resistance, has anti-oxidant effects, and may provide a novel approach to cancer treatment. For example, glycolysis inhibition combined with DNA damaging drugs or chemotherapeutic agents may be effective anticancer strategies through weakening cellular damage-repair capacity and enhancing drug cytotoxicity.
Conclusion and expectations
The Warburg effect involves complex control of the expression of multiple genes and pathways, and modulating one target or segment may not be sufficient to suppress tumors and might even result in drug resistance. Therefore, it is worth our attention to explore combination therapy aimed at multiple targets. With the further study of aerobic glycolysis in cancer cells, it can be anticipated that an increasing number of novel therapeutic agents or preventive strategies will be developed. Additionally, it can also be regarded as efficacious to inhibit tumor proliferation and invasion by relieving the Warburg effect via invigorating blood circulation and improving oxygen supply when there is a glucose shortage. 
